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We report our recent predictions on the quantum Nernst effect, a novel thermomagnetic effect in
the quantum Hall regime. We assume that, when the chemical potential is located between a pair
of neighboring Landau levels, edge currents convect around the system. This yields theoretical
predictions that the Nernst coefficient is strongly suppressed and the thermal conductance is
quantized. The present system is a physical realization of the non-equilibrium steady state.
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1. Introduction
The adiabatic Nernst effect arises in a con-
ductor bar under a magnetic field B in the
z direction and a temperature bias ∆T in
the x direction. The conductor is electrically
and thermally insulated on all surfaces, ex-
cept that heat baths are attached to the sur-
faces facing the +x and −x directions, which
produces the temperature bias. A classical-
mechanical consideration gives the following:
electrons carrying the heat current in the x
direction are deflected to the y direction be-
cause of the Lorentz force generated by the
magnetic field in the z direction, and thereby
produce a voltage difference (the Nernst volt-
age) VN in the y direction. The Nernst coef-
ficient is defined by
N ≡ −
L
W
VN
B∆T
, (1)
whereW and L are the width and the length
of the conductor bar, respectively. We define
the temperature bias such that ∆T > 0 if
the temperature is higher in the heat bath
on the −x surface than that on the +x sur-
face. We also define the Nernst voltage such
that VN > 0 if the voltage is higher on the +y
surface than on the −y surface. (We always
put B > 0 here and hereafter.) The above
classical-mechanical consideration, where no
scattering is taken into account, gives a posi-
tive Nernst coefficient. In fact, electron scat-
tering can make the Nernst coefficient both
positive and negative.1
In a recent article,2 we considered the
Nernst effect in the quantum Hall regime,
that is, the Nernst effect of the two-
dimensional electron gas in semiconductor
heterojunctions under a strong magnetic
field (namely a Hall bar) at low tempera-
tures, low enough for the mean free path to
be greater than the system size. We theo-
retically predicted that, when the chemical
1
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potential is located between a pair of neigh-
boring Landau levels:
(i) the Nernst coefficient is strongly sup-
pressed;
(ii) the thermal conductance in the x direc-
tion is quantized.
Hasegawa and Machida are planning an
experiment3 in the setup of the present the-
ory. In what follows, we review our predic-
tions and numerical demonstration.
2. Convection of edge currents
Our argument is based on a simple assump-
tion that edge currents4 convect around the
system. We here explain our idea (Fig. 1).
Since the Hall bar is electrically insulated,
edge currents circulate along the edges of
the Hall bar when the chemical potential is
between a pair of neighboring Landau lev-
els. An edge current on the left end of the
Hall bar is, while running from the corner
C4 to the corner C1, heated up by the heat
bath with a temperature T+ and is equili-
brated to the Fermi distribution f(T+, µ+)
with the temperature T+ and a chemical po-
tential µ+ around the corner C1. Since the
upper edge is electrically and thermally insu-
lated, the edge current runs ballistically from
the corner C1 to the corner C2, maintaining
the Fermi distribution f(T+, µ+) all the way.
The edge current, upon arriving at the cor-
ner C2, encounters the other heat bath with
T+ T−
C1 C2
C4 C3
(T+, µ+)
(T
−, µ−)
x
y
Fig. 1. A schematic view of the convection of an
edge current in a Hall bar under the setup for the
Nernst effect.
a temperature T− and is equilibrated to the
Fermi distribution f(T−, µ−), arriving at the
corner C3. The edge current along the lower
edge runs ballistically from the corner C3 to
the corner C4, maintaining the Fermi distri-
bution f(T−, µ−) all the way. The Nernst
voltage is then given by
VN =
∆µ
e
≡
µ+ − µ−
e
(2)
for the temperature bias ∆T ≡ T+−T− > 0,
where e(< 0) is the charge of the electron.
Incidentally, a convecting edge current
constitutes the non-equilibrium steady state
(NESS), a new concept that attracts much
attention in the field of non-equilibrium
statistical physics.5,6 The non-equilibrium
steady state is almost the first statistical
state of a quantum system far from equilib-
rium that can be handled analytically. It
consists of a pair of independent currents
running in different directions with different
temperatures and different chemical poten-
tials. In most studies, the non-equilibrium
steady state has been considered in a one-
dimensional non-interacting electron system
and hence has been an almost purely math-
ematical concept. The pair of the upper and
lower edge currents in Fig. 1, however, can be
regarded as a non-equilibrium steady state.
We consider it valuable to give a physical re-
alization to the mathematical-physical con-
cept.
3. Nernst coefficient and heat
conductance
Let us describe our calculation briefly. We
define the electric current and the heat cur-
rent in the form
Ie ≡ 〈ev〉 and IQ ≡ 〈(E − µ)v〉, (3)
where the thermal average is given by
〈A〉 ≡
1
pi
∞∑
n=0
∫ km
−km
Afn,k(T (yk), µ(yk))dk.
(4)
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with yk ≡ ~k/|e|B. The subscript n stands
for the channel of the edge current. The in-
tegration limits ±km are the maximum and
minimum possible momenta. The function
fn,k is the Fermi distribution at the energy of
the state of the nth channel with the momen-
tum k. The functions T (y) and µ(y) denote
the temperature and the chemical potential
of an edge current running at y. The convec-
tion of an edge current shown in Fig. 1 gives
(T (yk), µ(yk)) = (T+, µ+) for the upper edge
states and (T−, µ−) for lower edge states. We
can hence express the currents (3) in terms of
(T+, µ+) and (T−, µ−), and thereby in terms
of the first order of the Taylor expansion with
respect to ∆T ≡ T+−T− and ∆µ ≡ µ+−µ−.
We then put Ie = 0 because the system is
electrically insulated. This condition relates
∆µ to ∆T , yielding the Nernst coefficient (1)
with the Nernst voltage (2), or
N =
1
|e|B
L
W
∆µ
∆T
. (5)
Applying the relation between ∆µ and ∆T
to the Taylor expansion of the heat current
IQ, we obtain the heat conductance
GQ ≡
IQ
∆T
. (6)
For details of the calculation, refer to the
original article, Ref. 2.
4. Predictions
We can understand our predictions based on
the convection of edge currents. First, the
number of the conduction electrons is con-
served during the convection. Hence the dif-
ference in the chemical potential of the upper
edge current and that of the lower edge cur-
rent is of a higher order of the difference in
the temperature of the upper and lower edge
currents; that is, ∆µ = o(∆T ). The Nernst
coefficient (5) hence vanishes as a linear re-
sponse, or N = 0 in the limit ∆T → 0.
Second, the heat current IQ in the x di-
rection is carried by the ballistic edge cur-
rents along the upper and lower edges; the
total heat current is the difference in the heat
carried by the upper edge currents and the
lower edge currents. The edge currents are
quantized as long as the chemical potential
remains between a pair of neighboring Lan-
dau levels. The heat current hence has quan-
tized steps as a function of B. The heat cur-
rent isM times a unit current when there are
M channels of the edge current. After some
algebra, we arrive at the conclusion that the
heat conductance GQ is quantized as
GQ
T
=
pikB
2
3~
M (M = 1, 2, 3, · · · ) (7)
when the chemical potential is located be-
tween theMth and (M+1)th Landau levels.
5. Numerical demonstration
We now present a numerical demonstration
of our predictions using a confining potential
in the y direction in the form7
V (y) =
{
0 for |y| ≤ w
2
,
mω2
0
2
(
|y| − w
2
)2
for w
2
< |y| < W
2
.
(8)
We used the following parameter values: the
effective mass is m = 0.067m0 for GaAs,
where m0 is the bare mass of the electron;
the size of the Hall bar is L = 20µm and
W = 20µm (less than the mean free path
at low temperatures8) with w = 16µm; the
confining potential is given by V (±W/2) =
5.0eV, the work function of GaAs; the chem-
ical potential at equilibrium is µ = 15meV,
or the carrier density ns = 4.24× 10
15m−2.
We thus evaluated the Nernst coefficient
N and the thermal conductance GQ as in
Fig. 2. Our predictions N = 0 and Eq. (7)
are indeed realized at low temperatures and
when the chemical potential is located be-
tween a pair of neighboring Landau levels.
(The gray curves in Fig. 2 are our new results
of the self-consistent Born approximation in
the case where we took account of impurity
scattering of strength ~/τ = 1.0 × 10−4eV.
See Ref. 9 for details.) We also note that the
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(a)
(b)
Fig. 2. Scaling plots of (a) N ×B and (b) GQ/T ×
3~/pikB
2, both against mµ/~|e|B at T = 1, 5, 10 and
20K for 1T ≤ B ≤ 20T. The gray curves in each
panel indicate results that take account of impurity
scattering at T = 1 and 5K; see text.
Nernst coefficient is generally negative in the
present calculation.
6. Summary
We predicted a novel quantum effect of the
two-dimensional electron gas, in close anal-
ogy to the quantum Hall effect. When the
chemical potential is between a pair of Lan-
dau levels, the edge currents suppress the
Nernst coefficient and quantize the thermal
conductance. The system is a physical real-
ization of the non-equilibrium steady state.
The precise forms of the peaks and the
steps in Fig. 2 can be different when we
take account of electron scattering. The elec-
tronic states extend over the system when
the chemical potential is close to a Landau
level, namely when mµ/~|e|B = n+ 1
2
. Then
the heat current is carried mainly by the bulk
states and we have to take account of impuri-
ties as well as electron interactions possibly.9
We comment on other approaches to the
quantum Nernst effect. Kontani derived10,11
on the basis of the Fermi liquid theory, gen-
eral expressions of the Nernst coefficient and
the thermal conductivity of strongly corre-
lated electron systems such as high-Tc ma-
terials. Akera and Suzuura12 considered
with the use of thermohydrodynamics, the
Ettingshausen effect, the reciprocal of the
Nernst effect. The quantum behavior pre-
dicted here, however, was not reported in ei-
ther studies.
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